Energy level alignment and spin polarization at tetracyanoquinodimethane/Fe and acridine orange base/Fe interfaces are investigated by means of photoelectron spectroscopy and X-ray magnetic circular dichroism (XMCD), respectively, to explore their potential application in organic spintronics. Interface dipoles are observed at both hybrid interfaces, and the work function of Fe is increased by 0.7 eV for the tetracyanoquinodimethane (TCNQ) case, while it is decreased by 1.2 eV for the acridine orange base (AOB) case. According to XMCD results, TCNQ molecule has little influence on the spin polarization of Fe surface. In contrast, AOB molecule reduces the interfacial spin polarization of Fe significantly. Induced spin polarization of the two organic molecules at the interfaces is not observed. The results reveal the necessity of investigating the magnetic property changes of both the OSC and the FM during the process of energy level alignment engineering.
Introduction
Studies on spin-related phenomenon in organic semiconductors (OSCs), known as "organic spintronics", have been carried out and have attracted increasing attention over the last decade. [1] [2] [3] There are two main types of organic spintronic effects under study and development. One is organic magnetoresistance (OMAR), 3 usually accompanied by magnetoluminescence. 4, 5 It occurs in conventional OSCs electronic devices with non-magnetic electrodes. This type of intrinsic magnetoresistance is believed to be connected to various excited states in OSCs, 6 and, as evident from the lack of magnetic electrodes, has nothing to do with spinpolarized charge injection. The other one is based on the so-called spin valve that has a layered structure comprising ferromagnetic (FM) electrodes and a non-magnetic spacer layer, whose electrical resistance depends on the spinpolarization of the injected carriers passing through the device. 2, 7, 8 In spin valves with an organic spacer layer, OSCs are used for the carrier spin transport as they consist mainly of atoms with low atomic number Z, leading to a low spin-orbit coupling and thus to extremely long spin relaxation times. 9, 10 Injection of spin-polarized electrons from ferromagnetic electrode into an organic interlayer may be affected adversely, however, by a mismatch of conductivity between the FM metal and semiconductor for Ohmiclike contacts. 11 For both giant magnetoresistance 2, 7, 12 and tunneling magnetoresistance 8, 13, 14 in hybrid organic devices, the spin injection/extraction is the key factor and proper design of the OSC/FM electrode interface, also called spinterface, is thus crucial. 15, 16 The efficacy of a spinterface is mainly based on two properties: (i) The energy level alignment. The spin injection/extraction is carried out by electron/hole injection which has been widely studied for decades in the field of organic electronics. It is well known that the interfacial energy level alignment is a dominant factor. 17, 18 The barrier formed between Fermi level of the metal and the lowest unoccupied molecular orbital (LUMO) or highest occupied molecular orbital (HOMO) of the molecule needs to be overcome for the carrier injection. An optimized energy level alignment will facilitate the carrier injection and also the spin injection/extraction.
(ii) The magnetic properties of FM/OSC interfaces. There are many reports on the interfacial spin-polarization of organic molecules adsorbed on FM films, [19] [20] [21] [22] which is believed to arise from orbital hybridization between OSC and FM atoms. On the other hand, the magnetic property of the FM is also influenced by the contacting OSC. 21, [23] [24] [25] This reactive modification effect of organic molecules on the magnetic property of FM metals is likely to play a significant role in the property of organic spin valve device as well. Therefore, the design and study of spinterfaces should take all of these points into consideration simultaneously, i.e., the energy level alignment, possible spin-polarization of the interface OSC and possible modification of the interface FM magnetic properties. Though such comprehensive data can be pieced together for a few FM/OSC systems from results of several different studies, we will here present the "full" analysis for two prototypical FM/OSC systems used to obtain high work function and low work function spin injecting electrodes, respectively.
In this study, we use iron (Fe) as the FM bottom electrode. Two typical organic molecules, tetracyanoquinodimethane (TCNQ) and acridine orange base (AOB) are chosen to form the spinterface with Fe. TCNQ and AOB are two different types of molecules in which the former is electron acceptor and the latter is electron donor. We choose the two molecules as prototypes for inducing opposite energy level alignment optimizing effects. In previous studies, the two molecules have been used to tune the vacuum level of substrate to optimize the interfacial energy alignment. For instance, in F. Li's work, 26 AOB could reduce the work function of Au to make it a good cathode for C 60 -based organic solar cells. Considering that C 60 is also a very promising spin-transport material that has already been used in room-temperature organic spin valve, 27 it is reasonable to infer that TCNQ and AOB are the potential buffer layer materials that could also be utilized in the organic spin valves. Ultra-violet photoelectron spectroscopy (UPS) experiments are carried out to investigate the energy level alignment while near edge X-ray absorption fine structure (NEXAFS) and X-ray magnetic circular dichroism (XMCD) to characterize the magnetic property of OSC/Fe interface. Semiquantitative calculations based on XMCD sum rules 28, 29 is used to reveal the detailed influence of the two types of adsorbed organic molecules on Fe substrate. Our results reveal the necessity of investigating the magnetic property changes of both the OSC and the FM during the process of energy level alignment engineering.
Experimental methods
The UPS experiments were performed using a Scienta ESCA 200 spectrometer connected to a preparation chamber. The analysis thus could be carried out on samples prepared in situ. The base pressure of spectrometer and preparation chamber was 10 −10 mbar and 10 −9 mbar, respectively. A He I (21.2 eV) gas discharge lamp worked as the ultraviolet light source and a bias of −3.0 V was applied on the sample holder for the clear observation of the low-energy secondary electron cutoff. Thin films of Fe were deposited on gold-coated silicon substrate using an UHV e-beam evaporator mounted in the preparation chamber. TCNQ and AOB were deposited by thermal evaporation from a differentially pumped Knudsen cell system, inserted into the preparation chamber after chamber-baking to avoid contamination due to the low sublimation temperature of the molecules. The measurement sequence involved characterization of the bare Fe substrates and subsequent stepwise deposition and characterization of molecular add-layers.
NEXAFS and XMCD measurements were performed at beamline D1011 of the MAX-II storage ring, located at the MAX-Laboratory for Synchrotron Radiation Research in Lund, Sweden. Thin films of Fe were deposited in ~submonolayer steps onto Si-substrates with a native oxide using an UHV e-beam evaporator mounted in the preparation chamber. XMCD measurements were carried out after each deposition step and deposition was halted when the films showed a noticeable Fe L-edge XMCD signal. TCNQ and AOB were sublimated with a simple home-made Knudsen cell mounted prior to baking. The chamber-baking temperature thus was specially lowered to avoid affecting the two organic materials. The growth rates of TCNQ and AOB are estimated by the pre-calibrated source current and pressure, monitored by NEXAFS. Figure 1 shows the UPS spectra of TCNQ deposited on Fe. The TCNQ thickness increases from bottom to top as indicated by the arrows in Figure 1a from which we assign the B-feature to the destabilized pristine HOMO and the A-feature to the ~singly populated pristine LUMO. Besides the formation of the gap-states, the frontier occupied electronic structure is also quite different from that in the bulk TCNQ film, and the features are broader. This suggests charge transfer from the iron substrate to the TCNQ molecules through hybridization of π-bond orbitals with the Fe 3d atomic orbitals, rather than integer charge transfer by tunneling, which is reasonable given the reactive nature of the clean Fe surface. The deeper lying main peaks are located at lower binding energy compared with the corresponding features of the bulk layer, as indicated by the two dash lines. Considering that the TCNQ molecule contacting with Fe atom is probably bent from the original planar structure due to the bonding interaction with the substrate, the possible change of molecular shape may also influence the electron orbital. 32, 33 With increasing TCNQ coverage, two separate peaks form as the feature of bulk TCNQ in the frontier valence region at the position of 3.2 eV and 4.7 eV below the Fermi level, separately, in agreement with the values reported in literature. 31, 32 The evolution of the work function is also governed by the interface formation. From the so-called secondary electron cutoff the work function of Fe can be determined as ~4.6 eV, corresponding to the typical value in literature. 19 Once TCNQ molecules adsorb on Fe to form the interface, an interface dipole appears, achieving a maximum value of ~0.9 eV. Consequently the work function increases to higher values and reaches a value of ~5.5 eV very quickly, when TCNQ is still a submonolayer. Previous research has shown that the work function of organic semiconductor molecules chemisorbed on metals is closely correlated to the orientation of the chemisorbed molecules. 34 In view of the relatively high work function of TCNQ/Fe interface (~5.5 eV) in present studies, it is believed that the molecular plane of adsorbed TCNQ is parallel to Fe substrate, i.e., TNCQ molecules "lay" on the substrate in the interface formation. However, as TCNQ deposition goes on, the work function decreases, by about 0.2 eV. The decrease of work function implies that the subsequent deposition of TCNQ molecules may lead to a depolarization effect, which arises from the dipole-dipole interaction as TCNQ goes from submonolayer to monolayer. 35, 36 It could also be caused by a change in the molecular orientation as the surface is saturated, which in turn affects the work function, similar to the case reported for hexaazatriphenylenehexacarbonitrile molecules chemisorbed on Ag(111). 37 The situation for AOB deposited on Fe, presented in Figure 2 , is quite different compared with that of TCNQ. No hybrid state appears at the molecule/Fe interface and the frontier occupied electronic structure of the monolayer is the same as that of the bulk, showing the interaction between AOB and Fe is not as strong as that of TCNQ and Fe, but rather likely undergo physisorption. With increasing coverage of AOB, the valence band features become clear. Similar to that of TCNQ, the frontier features of AOB contain two separate peaks, at the position of 2.4 eV and 4 eV below Fermi level, separately. As the AOB thickness increases, the whole spectrum moves slightly to higher binding energy, in line with previous reports on AOB physisorbed on Au. 26 The energy level alignment of the spinterface derived from the data of UPS spectra is shown in Figure 3 . The work function of Fe is 4.6 eV. For TCNQ on Fe, the interface dipole is +0.7 eV (full coverage) and the leading edge of HOMO peak is located at 2.6 eV below E F . The vertical ionization energy (IE), which refers to the energy difference between E vac and the HOMO, is 7.9 eV in good agreement with previous literature data. 38 According to 39 ,40 the LUMO is located at 4.5 eV below E vac and the value is also known as electron affinity (EA). Therefore, the injection barriers of electron and hole from Fe to TCNQ are 0.8 eV and 2.6 eV, respectively. For AOB on Fe, the interface dipole is −1.2 eV and the leading edge of HOMO peak is located at 2.2 eV below E F . The IE of AOB is 5.6 eV while the EA is unknown for the lack of existing data of LUMO. According to the work function tuning effect of both TCNQ and AOB, it can be inferred that a ~monolayer of TCNQ could enhance the hole injection properties of a Fe-anode (by significantly increasing the work function) while a ~monolayer of AOB could facilitate the electron injection of a Fe-cathode (by significantly decreasing the work function).
Ultraviolet photoelectron spectroscopy (UPS)

X-ray magnetic circular dichroism (XMCD)
The energy level alignment is critical from the point view of charge injection. For spin injection, also the spin polarization accompanied with the charge is indispensable. Therefore, the interfacial magnetic property influenced by the molecules is essential to evaluate if a particular ad-layer is suitable for spin injection. The FM electrode itself is an efficient spin injector. At the interface, however, several outer atomic layers may be influenced by the adsorbed organic molecules. 41, 42 The XMCD measurement is a powerful technique that can reveal the magnetic property of samples, which is obtained by subtracting the two spectra of NEXAFS for parallel (M+) and antiparallel (M−) alignment between the magnetization and photon helicity. Here we analyze the Fe L 2,3 -edge XMCD spectra before and after TCNQ (or AOB) deposition, separately, to investigate the effects of molecule adsorption. The probing depth of XMCD is usually 5-6 nanometers or even more, causing the signal coming from lower bulk Fe atoms to partially obscure the interfacial effects, hence the use of thin Fe films in our study to reduce bulk contribution. Furthermore, we sue two different modes for the XMCD measurement: total electron yield (TEY) and partial electron yield (PEY). The difference lies in that for PEY mode we apply an additional retarding voltage which will filter out the low-energy photoelectron and hence make the measurement more surface sensitive. XMCD spectra derived from PEY mode thus reflect more the surface magnetic information, i.e. from the OSC/Fe interface, than those obtained from TEY mode. Figure 4 shows the XMCD spectra of Fe L 2,3 -edge of the same sample before and after the deposition of organic molecular monolayer, denoted by blue dotted line and brown solid line, respectively. The spectra are normalized to the L 3 -peak height of the NEXAFS spectra (M+). The influence of molecular adsorption can be reflected by contrasting the two XMCD spectra before and after that. It can be seen in Figure 4a that TEY XMCD spectra have almost no change before and after TCNQ deposition. It is reasonable considering the signal reflecting the magnetic property of bulk Fe which should not be much affected by the TCNQ overlayer. Then PEY XMCD measurement is utilized to reveal the magnetic property of Fe closer to the interface. Because of the retarding voltage and the resulting weaker signal, PEY spectra have a worse signal-to-noise ratio than TEY spectra. From the right side of Figure 4a , it can be seen that just The acquisition method of the parameter p, q and r that is involved in the calculation of magnetic moment based on sum rule (taking the TEY spectra of Fe before TCNQ deposition for instance and the XMCD spectrum being corrected by multiplying by the factor). Bulk and surface refer to the results measured in TEY and PEY modes, respectively. a slight difference emerges at the extensive region of L 3 -edge, indicating a near negligible effect on the spin polarization of Fe induced by the TCNQ deposition. Figure 4b depicts the case of AOB/Fe. Very similar to that of TCNQ, the TEY spectra show the identical results before and after AOB deposition, as it is expected for the weaker interaction between AOB molecules and Fe atoms. However, for PEY XMCD spectra, we observe a noticeable difference after the deposition of the AOB overlayer. The XMCD signal of the Fe with an AOB overlayer is reduced in intensity by 40% at L 3 -edge, while the overall size at L 2 -edge is increased. Since the measurement is more sensitive to the interface, this result means a changed magnetic moment of Fe atoms in the surface region when covered by an AOB overlayer.
To obtain more detailed information, the XMCD sum rules are applied to make semiquantitative calculations. The method described in ref. 29 is utilized to calculate the magnetic moment of Fe. We take the TEY spectra of Fe before TCNQ deposition for instance, as shown in Figure 5 . The values of p and q are derived from the integration of XMCD, and the value of r is derived from the integration of the sum of the two NEXAFS spectra after subtracting the two-step-like background (see ref. 28 , 29 for detailed theoretical analysis). Based on the obtained p and q, we get m spin = (6p−4q)(10−n 3d )/r, m orb = 4q(10−n 3d )/3r (n 3d = 6.61 for Fe, the same value as in ref. 29) . It is necessary to take into account the incident angle (30° with respect to the sample surface) and the degree of circular polarization (75%), as described in ref. 29, 43 . The XMCD spectra (also the values of p and q) thus are corrected by multiplying by a factor of (1/ )/0.75, corresponding to the parallel incidence of fully circular polarized light, while the sum spectra of NEXAFS (also the value of r) do not change. All of the results are summarized in Table 1 . Looking first at the bare Fe data, it is clear that the magnetic moments of Fe thin layers derived from PEY are different from those derived from TEY, especially for the orbital moment, suggesting that the surface layer magnetic moment is different from the bulk. It is also noticeable that the magnetic moments of different bare Fe substrates differ somewhat in our study. We assign this phenomenon to arise from the amorphous nature of the Fe films used. However, what counts is the variation of XMCD spectra before and after the molecular adsorption. As mentioned above, there is no significant change on the TEY results upon OSC coverage, which reflect more bulk information, before and after molecule deposition. For both TCNQ and AOB molecules, the values of m orb and m spin just have a very slight change which is in the range of measurement and data processing error. By contrast, the PEY results are much more complicated. For the TCNQ-modified Fe surface, the spin moment of Fe changes from 1.43 μ B to 1.50 μ B , and the orbital moment changes from 0.009 μ B to −0.028 μ B . For the AOB-modified Fe surface, a significantly stronger change in Fe magnetization is observed. The spin moment of Fe changes from 1.37 μ B to 0.91 μ B , decreasing by as much as ~0.46 μ B . The orbital moment changes from 0.094 μ B to −0.297 μ B . The physisorbed AOB molecules thus have a significant effect on the magnetization of Fe substrate. By contrast, TCNQ molecules affect the magnetization of Fe substrate much less, despite chemisorbing onto Fe. According to the XMCD results, it can be inferred that TCNQ molecule has little influence on the spin polarization of Fe interface, while AOB molecule reduces the interfacial spin polarization of Fe significantly. Therefore, when TCNQ and AOB molecule are used as buffer layer, the latter's influence on the spin polarization of FM electrode needs to be taken into account, which for Fe seems to be detrimental.
Also noteworthy is that the orbital moment derived from PEY mode turns to minus value after both TCNQ and AOB deposition, see Table 1 . It indicates that the molecules may modify the electron orbital of surface Fe layer, resulting in the peculiar phenomenon that the orbital moment is reversed to an opposite direction to the spin moment. This phenomenon, though likely not critical to spin injection properties since the magnetization of Fe is dominated by spin moment, is interesting and deserves further confirmation and investigation.
XMCD studies on the K-edge of C and N were carried out to probe the possible hybridization-induced magnetization of TCNQ and AOB (not shown). No clear XMCD signal was observed in our experiments, however, in spite of the existence of the strong hybrid state with Fe in the case of TCNQ. This result implies that the π-bond orbitals hybridized with 3d orbitals, though essential, does not inevitably lead to the hybridization-induced spin polarization. Besides as the buffer layer, TCNQ and AOB molecules can be considered as the candidate of the thin spacer layer in tunneling magnetic junction for which the device performance is dominated by the energy alignment at the FM/OSC interface.
Conclusions
UPS and XMCD are utilized to investigate the energy level alignment and spin polarization at the spinterface of Fe substrate and TCNQ/AOB molecule adlayers. UPS spectra demonstrate the coexistence of the singly charged negative state and the strong hybrid state at the TCNQ/Fe interface and the physisorption characteristic of AOB/Fe interface. According to the work function tuning effect of both TCNQ and AOB on Fe substrate, it can be inferred that TCNQ could facilitate enhanced hole-injection of a Feanode while AOB could facilitate enhanced electron injection of a Fe-cathode. According to the XMCD results, TCNQ adlayers have little influence on the spin polarization of Fe interface while, in contrast, AOB adlayers reduce the interfacial spin polarization of Fe significantly. It means that for AOB molecules, the influence on the spin polarization of FM electrode needs to be taken into account, which may lead to a negative effect on overall spin injection despite improved energy level matching. The spin polarization of the organic molecules, TCNQ and AOB, is not observed in our experiment. The results are relevant to the design of organic spin valve device, especially to the selection of the organic buffer layer.
